Abstract-In this paper, flip-chip integration is demonstrated as a method for faster progress towards a GaN MMIC technology by separating the development of active devices and passive matching circuits. This approach offers distinct advantages in the verification of passive components realized on a 2" SiC substrate. A proven 0.3,pm GaAs PHEMT technology was used for the transistors that allowed to reproducibly verify both, the flip-chip transitions and the behaviour of the coplanar SiC structures. As an example, three X-band amplifiers in flip-chip technology are presented that demonstrate the feasibility of the technology.
I. INTRODUCTION
SiC and GaN are promising materials for high output power [1] , [2] , however, the development of a monolithic integrated microwave circuit (MMIC) technology based on novel substrate materials is a demanding task. It is of primary interest to show the potential and the quality of such a technology at an early stage. While the attention is usually focused on the active transistor technology, passive devices have to be provided as well. Faster progress is achieved by separating the development of active and passive components and linking them by flip-chip packaging.
In the early stages of a technology development, flipchip integration offers a number of advantages in comparison to monolithic integration. Moreover, passive circuits can be adapted to already existing active devices and can be characterized before and after connecting them together. This means that functioning circuits become available well before an MMIC technology is ready. As there is a high interest in results from circuits fabricated on new semiconductor materials like GaN, these demands can be met earlier and the advantages of the materials with regard to system requirements can be verified.
MIM capacitors, and 30 ,um height galvanic gold bumps. The models were derived by a step by step procedure as described in [3] . The Two alternative types of active flip-chip devices were investigated. While the first type was manufactured with galvanically grown gold bumps on the device surface, the second was realized without bumps. For the first type, this leads to the advantage that the gold bumps can be placed by the precise lithographic process within the transistor feed structure and therefore the electrical, thermal, and mechanical requirements regarding to [6] can be met more easily. But on the other hand galvanic gold bumps on active devices hamper automated measurements and onwafer characterisation, respectively.
In this work modules with three separate transistors (two single-gate HEMTs and one redundant dual-gate HEMT) as depicted in Fig. 1 were used to investigate the transitions and the passive circuits. These modules feature electrical and thermal gold bumps on the contact pads and source islands as shown in Fig. 2 .
IV. FLIP-CHIP TECHNOLOGY
Flip-chip packaging compared to conventional wire bonding has been shown to be more reproducible, and to be applicable at higher frequencies because of shorter and better defined connections [7] , [8] . The technology for the growth of the connecting galvanic gold bumps is similar to the process step for the upper galvanic metallization. It is compatible with coplanar circuit technology and does not require a more demanding via-hole technology. For active devices without gold bumps on the transistor surface the thermal and electrical bumps have been placed on the passive circuit as shown in Fig. 3 .
The size of the bumps was chosen with regard to electrical, thermal, and mechanical considerations [6] .
Galvanic bumps were placed on each of the coplanar contact pads for electrical connection, as well as on each source island between the gate-fingers and at each side of the transistor for heat removal. The small distance between the gold bumps and the gate-fingers leads to an effective thermal management. Electromagnetic coupling in microwave circuits that are based on flip-chip technology, can be found between coplanar structures on the two substrates in dependence on the bump height, and was verified according to [9] .
The results show that the electrical and thermal bumps were properly taken into account for the design of the X-band power amplifiers.
V. X-BAND AMPLIFIERS
Two single-stage X-band amplifiers in flip-chip technology are presented that demonstrate the feasibility of the concept. Due to the need of amplifier circuits with higher gain also a two-stage flip-chip design has been manufactured. This amplifier uses two separate transistor flip-chip modules with a 8 x 75 ,um gate width HEMT at the input and a 8 x 125 ,um gate width HEMT at the output. A chip photograph of the amplifier circuit is shown in Fig. 1 .
Flip-chip transitions and passive structures can be verified more easily by smaller networks. Therefore the two single-stage amplifier circuits were used for this kind of investigations. The single-stage amplifiers employ devices with a 8 x 125 ,um gate width. The matching networks were designed using the passive SiC component library.
The schematic of both single-stage amplifiers is shown in Fig. 4 . While one amplifier was matched for high gain, the other was optimized for maximum output power.
The measured and simulated S-parameters of both amplifiers are shown in Fig. 5 and Fig. 6 . The amplifier matched for high gain and the amplifier optimized for maximum output power achieved a linear gain S21 of more than lOdB and 8dB respectively. The technology. As a first test, a monolithically integrated 16 GHz GaN power amplifier with two parallel transistors of 8 x 120 ,um gate width was realized. The amplifier achieved an output power of 1.6 W without being saturated as depicted in Fig. 8 . A chip photograph of the GaN amplifier MMIC is shown in Fig. 9 VI. CONCLUSIONS In this paper, flip-chip integration was demonstrated as a method for a faster progress towards a GaN MMIC technology. This advantage is achieved by separating the development of active and passive components. A design library of passive SiC components was developed and the flip-chip connection was modelled and verified independently from the active device development. GaAs HEMT transistors were used to verify the passive circuit development. Three X-Band HEMT amplifiers showed the maturity of the process. Two single stage amplifiers were designed, one was matched for maximum gain, the other was optimised for optimum output power. A two-stage amplifier demonstrated the integration of multiple flip-chip modules.
Finally as a practical test of the method a complete monolithic integration was pursued. A 16 GHz GaN amplifier with two parallel transistors was realized demonstrating the effectiveness of the procedure. power and gain versus input power for both single-stage amplifiers are illustrated in Fig. 7 
